The relativistic-pseudopotential correlation consistent composite approach (rp-ccCA) was used to determine the enthalpy of formation (ΔH f ) of 24 first row (3d) transition metal compounds. The rp-ccCA-derived ΔH f 's were compared to ΔH f 's previously obtained with an all-electron composite method for transition metals (ccCA-TM). For the 3d metal systems, rp-ccCA achieves transition metal accuracy, within 3 kcal/mol of reliable experimental data, overall. By utilizing pseudopotentials within the rp-ccCA methodology, we observed a significant computational time savings (53%) in comparison to the all-electron basis sets employed within ccCA-TM. With the proven reliability and accuracy of rp-ccCA, the methodology was employed to construct a calibration set of 210 second-row (4d) transition metal compounds and their ΔH f 's. The 4d calibration set is referred to as 4dHf-210. Within the 4dHf-210 set, there were 61 molecules with available experimental data. The average experimental uncertainty was 4.05 kcal/mol and the mean absolute deviation of rp-ccCA was 3.64 kcal/mol, excluding outliers (10 total). This study provides a large set of energetics that can be used to gauge existing and future computational methodologies and to aid experimentalists in reaction design.
■ INTRODUCTION
The second-row (4d) transition metals are of significant interest in the scientific community due to their range of oxidation and spin states, coordination sites, and ability to bond to various ligands, which makes them suitable candidates for catalyst design in areas including biomedicine and the petrochemical industry. 1−5 Novel uses for 4d catalysts are continually developed, such as in organic synthesis with palladium-catalyzed alkyne reactions, 6 water oxidation with ruthenium-based catalysts, 7, 8 and molybdenum biological catalysis. 9 The application of newly developed 4d compounds relies largely on their thermodynamic properties; however, experimental data, such as enthalpies of formation (ΔH f 's) are scarce for 4d compounds, and often existing experimental data have large uncertainties (e.g., 20 kcal/mol for ZrI and 10 kcal/ mol for CdBr) due to factors including the reactivity of the 4d metals with oxygen, the formation of multiple oxides, and the incomplete combustion of 4d systems. 10−13 Computational chemistry provides an alternative approach to experiment for determining thermodynamic data, where the theoretical results can supplement and help guide experimental work. Ab initio-based methods such as coupled cluster with singles, doubles, and perturbative triples [CCSD(T)] paired with a correlation consistent basis set of at least quadruple-ζ or quintuple-ζ quality have been shown to be useful in the determination of reliable thermochemical data for main group and some transition metal compounds. 14 Unfortunately, such calculations are often not computationally feasible for practical calculations of 4d transition metal (TM) systems, due to the high number of electrons associated with the metal centers and accompanying ligands. 15 Density functional theory (DFT) provides a less computationally intensive means for determining thermodynamic data of second-row transition metals; however, functional choice can become challenging, as no single functional has been identified that works effectively for a range of metals, ligand type, and property, and the errors can become quite large for transition metal thermochemistry. 16−20 Most functionals are not parametrized for transition metals due, in part, to the lack of large benchmark sets that include transition metal compounds. 21 −23 There have been a number of transition metal data sets that have helped in the analysis of density functional methods for properties including geometries, bond dissociation energies, ionization potentials, and enthalpies of formation. To highlight several examples, Furche and Perdew composed a set of 3d metal systems (M−X, X = M, H, O, N, F, CO) and examined reaction energies. 24 For 3d, 4d, and 5d metals, test sets for equilibrium bond lengths have been generated by Buḧl and co-workers, 25−27 as well as by Truhlar and co-workers for 3d transition metals. 28, 29 Riley and Merz examined functional performance for a set of 94 enthalpies of formation and 58 ionization potentials for first row transition metals. 30 More recent sets in publication by Truhlar include 3d and 4d atoms and their ionization potentials and excitation energies and a set of 3d metal−ligand bond energies (3dMLBE70), 17, 31, 32 which is a subset of our ccCA-TM/11 set (all of the enthalpies of formation with experimental uncertainties of 2.0 kcal/mol), and should be referred to using our notation, ccCA-TM/11-2, where the "2" represents energies with experimental uncertainties of 2.0 kcal/mol or less. 66 Ab initio composite methods provide an alternative computational approach by combining lower level methods with large basis sets and high-level methods with small basis sets. The design of composite methods aims for the determination of accurate energetic properties with a reduced computational cost in comparison to a high level of theory with a large basis set (e.g., an all-electron CCSD(T)-DK calculation with an aug-cc-pV5Z-DK basis set). Various composite methods have been developed, such as the popular Gaussian-n methods, 33−37 Weizmann-n methods, 38, 39 HEAT methods, 40−42 the Feller− Dixon−Peterson method, 43−45 the multicoefficient correlation method (MCCM), 46, 47 and the correlation consistent composite approach (ccCA). 14,48−55 Relativistic effective core potentials (ECP) provide a means to significantly reduce the cost for many-electron systems, while accounting for relativistic effects that are particularly important for heavy elements. ECPs are associated with a reduced computational cost because they decrease the number of electrons and basis functions in a calculation by replacing the core electrons and functions with an effective potential. A key component in the construction of an ECP is the core size. Small core pseudopotentials account for all core electrons except for the last noble-gas inner shell and valence electrons, whereas large core pseudopotentials account for all core electrons except the valence shell. Small core pseudopotentials are more accurate by allowing valence interactions with the outermost noble gas shell. 56 Small core ECPs and their corresponding correlation consistent valence basis sets (cc-pVnZ-PP) have been developed for the second-row transition metal elements (Y−Cd). 57 These basis sets have provided opportunities for understanding thermochemistry for larger 4d systems that would be intractable with an all-electron set. 58−62 When ECPs were examined for 3d and 4d metals, the energy separation between the core electrons included in the ECP and the valence electrons is greater for the 4d elements than for the 3d metals; therefore, the 3d core electrons have larger contributions to the overall energies than the 4d core electrons.
Recently, the relativistic pseudopotential correlation consistent composite approach (rp-ccCA), combining the composite approach technique along with ECPs, was developed and the method has proven to be useful for 4d and lower pblock systems. 63, 64 In the initial rp-ccCA study, Laury and coworkers obtained accurate ΔH f 's (within 1.0 kcal/mol from reliable, well-established experiment for main group) for 25 4pcontaining molecules and observed a computational time savings of over 30% in comparison to all-electron composite methods. 64 Laury and co-workers then applied rp-ccCA to a set of 30 4d transition metal compounds, achieving a mean absolute deviation (MAD) of 2.89 kcal/mol from experimental ΔH f 's. This initial 4p and 4d study demonstrated that rp-ccCA provides a significant computational savings through the use of pseudopotentials for main group compounds and, overall, can achieve transition metal chemical accuracy (within 3 kcal/mol of reliable experiment) for 4d compounds.
In this work, rp-ccCA was applied to a set of 24 3d (Cu and Zn) transition metal compounds (referred to as 3dHf-24) to compare accuracy and computational costs. Because rp-ccCA was developed for 4d systems, it was of interest to examine if the accuracy of the methodology was maintained for 3d molecules and to determine its time savings for transition metal species. rp-ccCA was then applied to a large molecule set of 210 4d transition metal compounds (referred to as 4dHf-210). The demonstrated performance of rp-ccCA for second-row transition metals supports the utilization of rp-ccCA for the determination of additional enthalpies of formation of secondrow transition metals. These newly determined enthalpies (ΔH f 's) are provided as a large 4d calibration set to aid in gauging current and future computational methodologies, such as density functionals, and to provide a better thermochemical understanding of second-row transition metals.
■ THEORETICAL METHODS
The relativistic-pseudopotential correlation consistent composite approach (rp-ccCA) is one of the variants in the ccCA family developed by the Wilson group. The formulation for the rp-ccCA energy is 65 was used for second-row (chlorine) species] extrapolated to the complete basis set limit (CBS), ΔE cc represents the higher-order electron correlation calculated with CCSD(T), ΔE cv represents the core−valence electron correlation term, ΔE SO represents the spin−orbit interaction term, and ΔE ZPE represents the scaled zero-point energy term. A detailed explanation of the rp-ccCA methodology is given in the original rp-ccCA paper by Laury et al. 64 As recommended in earlier rp-ccCA work, a spin-restricted Hartree−Fock (ROHF) reference was implemented. 64, 66 The MOLPRO 67 software package was utilized for the rp-ccCA calculations.
The rp-ccCA energy from eq 1 is utilized to determine the enthalpy of formation at 298 K via
where the first term represents the molecular enthalpy of formation at 0 K, the second term is the scaled, computed thermal correction for the molecule, and the third term is the experimental thermal correction for the atoms. The molecular enthalpy of formation at 0 K is determined by
The first term is the experimental atomic enthalpies of formation at 0 K and the second term is the computed dissociation energy of the molecule of interest.
The Journal of Physical Chemistry A Article Two molecule sets were composed for this study: 3dHf-24 and 4dHf-210. The 3dHf-24 set is composed of 24 copper and zinc-containing molecules from the ccCA-TM/11 set and the 4dHF-210 set is composed of 210 4d-containing molecules. The 4dHf-210 set of molecules ranges from diatomics to large organometallics and contains all 10 4d metals. The 4dHf-210 set is taken from the 3d set (ccCA-TM/11) that Jiang et al. compiled from experimental data for 3d compounds containing 2−20 atoms. 66 Computationally derived enthalpies in 4dHf-210 that do not have experimental data to compare with were analyzed in comparison to their corresponding 3d transition metal compounds when possible. When available, enthalpies of formation for transition metal compounds were compared to experimental results from references including the NIST-JANAF tables and the Yungman compendium. 10, 11, 68 ■ RESULTS AND DISCUSSION A. rp-ccCA and ccCA-TM 3d Transition Metal Set Comparison. To validate the reliability of rp-ccCA for first row (3d) transition metals, a comparison between rp-ccCA and ccCA-TM was carried out for a set of 24 copper-and zinccontaining compounds. Copper and zinc compounds from the ccCA-TM/11 benchmark set were chosen because all-electron and ECP correlation consistent basis sets are available for both metals. 60, 66 The enthalpies derived using ccCA-TM were obtained from a previous transition metal thermochemical study by Jiang and co-workers. 66 The calculated ΔH f 's for the 3dHf-24 set can be found in Table 1 . The rp-ccCA method yielded a mean absolute deviation (MAD) of 2.84 kcal/mol, whereas ccCA-TM resulted in an MAD of 2.10 kcal/mol from experimental ΔH f 's. As in the previous ccCA-TM study, CuOH, (ZnCl) 2 , and (ZnBr) 2 were considered outliers and were not considered in the statistical analysis. Without these statistical outliers, the MADs for both rp-ccCA and ccCA-TM were within transition metal chemical accuracy (within 3 kcal/mol of experiment) and near the average experimental uncertainty (2.63 kcal/mol).
The similarities often observed between copper and zinccontaining molecules may be partially attributed to both the copper and zinc atom having a fully filled 3d-shell. The rp-ccCA deviations are comparable between the two metal centers with MADs of 2.92 and 2.76 kcal/mol for copper and zinc, respectively. Though ccCA-TM slightly underestimated the copper ΔH f 's and overestimated the zinc ΔH f 's by the same magnitude, rp-ccCA only had a marginal underestimation for both metal centers.
Examination of the statistical outliers did not yield a common solution to the deviations observed between theory and experiment. Both rp-ccCA and ccCA-TM underestimate the ΔH f of CuOH (−14.86 and −14.60 kcal/mol, respectively). The large D 1 value (0.17) of ionic CuOH suggests the molecule may exhibit multireference character (multireference guideline diagnostic values: T 1 > 0.05 and D 1 > 0.15) 69 and improved agreement with experiment may be obtained by using a multireference wave function-based method. Coupled cluster diagnostics for the dimeric and trimeric halides suggest that the single reference ccCA-TM and rp-ccCA methods likely are suitable for describing these systems. For (ZnCl) 2 , deviations of near equal magnitude are observed for rp-ccCA and ccCA-TM, suggesting experimental ΔH f 's, determined via extrapolation from zinc and copper monochloride values, may need to be revisited. In a previous ccCA-TM 3d study, 66 large deviations were observed between experiment and ccCA-TM for TiCl n systems. Recent re-examination of the experimental ΔH f 's for the titanium chlorides 70 resulted in significantly better agreement with ccCA-TM. Zinc chlorides may also benefit from similar re-examination. The true anomalies are the bromide systems with more than one metal, (CuBr) 3 and (ZnBr 2 ) 2 . For these two molecules, the deviations of rp-ccCA and ccCA-TM were not in agreement [(CuBr) 3 3 7.31 kcal/mol and (ZnBr 2 ) 2 13.63 kcal/ mol] are in better agreement with ccCA-TM. As in the previous ccCA-TM study, (CuBr) 3 was considered in the statistical analysis, whereas (ZnBr 2 ) 2 was not. It was determined when a single metal atom center system is studied, rp-ccCA in its native form is recommended. If there is more than one metal atom in the system of interest, ECPs should be used for the metal and DK basis sets for the substituents.
Although there is a slight loss of accuracy for rp-ccCA for the copper and zinc compounds versus ccCA-TM, rp-ccCA still achieves transition metal chemical accuracy and describes the thermodynamics of the systems within the reported experimental uncertainties. Because rp-ccCA uses pseudopotentials, The Journal of Physical Chemistry A Article there should be a significant computational cost reduction in comparison to ccCA-TM. 64 A computational cost analysis was carried out between rp-ccCA and ccCA-TM, and rp-ccCA calculations were, on average, 53.4% faster than ccCA-TM ( Table 2 ). The computational savings can be attributed to the more efficient implicit electron treatment through the ECPs within the rp-ccCA methodology, in comparison to ccCA-TM's explicit electron treatment. B. rp-ccCA 4d Transition Metal Set. Given the results from the copper and zinc molecule sets, rp-ccCA was then applied to 210 4d transition metal compounds (4dHf-210). The molecule set consists of a wide range of compounds, from dimers to carbonyl-containing compounds, with compounds of both single and multireference character included. Of the 210 compounds, 61 have experimentally determined ΔH f 's for comparison. The compounds are selected from the ccCA-TM/ 11 set, but with the replacement of the 3d metals with 4d metals, and optimization of the resulting structures. The complete 4dHf-210 set with ground states and rp-ccCA calculated ΔH f 's, as well as the 61 experimentally determined ΔH f 's, are included in the Supporting Information.
The rp-ccCA results for the 4dHf-210 set are compiled in Table 3 . The compounds with available experimental data included 31 halides, 15 chalcogenides, 3 oxohalides, 3 carbides, 3 dimers, 2 hydrides, 2 organometallics, and 2 carbonylcontaining compounds. The experimental data used for comparison with these compounds came primarily from the Yungman compendium of thermochemical substances, the Simoẽs transition metal thermochemical reference compiled into the NIST database, and the JANAF tables by Chase and co-workers. 10, 11, 68 The majority of the experimental works cited in these databases were published nearly half a century ago. These experimental values may benefit from an examination with newer experimental techniques, as evidenced by the observations for TiCl n systems discussed in the previous section, which was improved by a re-evaluation of the enthalpy of sublimation utilized in the experimental evaluation. Overall, rp-ccCA achieved an MAD of 6.38 kcal/mol for the 61 compounds with available experimental ΔH f 's. The correlation between the rp-ccCA and experimental ΔH f 's is depicted in Figure 1 . Of the 61 molecules with experimental data, 10 compounds in the set had significant rp-ccCA deviations (>10 kcal/mol) and can be considered statistical outliers in the 4dHf-210 set. The MAD of rp-ccCA for the remaining 51 compounds was 3.64 kcal/mol, in comparison to the average experimental uncertainty (where available) of 4.05 kcal/mol. The 10 statistical outliers are listed in Table 4 and the experimental uncertainty for the set is 4.66 kcal/mol. Of the outliers, 7 of the molecules are similar to molecules that are well described by rp-ccCA. For example, because the ΔH f 's determined by rp-ccCA for YF and YF 2 are within experimental uncertainties, rp-ccCA presumably should yield a similar accuracy level for YF 3 , yet YF 3 is an outlier. Similar points could be made for the Nb, Mo, and Pd outliers. For these molecules, experimental values may need to be revisited. The overall accuracy of rp-ccCA was comparable for open-shell versus closed-shell systems (MADs of 3.46 and 3.92 kcal/mol, respectively), demonstrating that rp-ccCA is able to describe both open-and closed-shell systems similarly. No overall correlation between the deviation of rp-ccCA from experiment with metal type or bonding type was observed.
When rp-ccCA deviations are observed with respect to metal center and similar ligands (e.g., silver metal center and halide ligands: AgF, AgCl, AgBr), rp-ccCA is observed to accurately and consistently determine enthalpies for compounds with similar bonding structure. Due to the high electronegativity of fluorine and the reactivity of metal oxides, the molecular ΔH f 's are often associated with larger experimental uncertainties. For examples, within the 4dHf-210 set, the average experimental uncertainties of the fluorine-containing molecules and the oxygen-containing molecules are 4.05 and 5.58 kcal/mol, respectively. A comparison between rp-ccCA MADs and average experimental uncertainties for subsets of the 4dHF-210 set is reported in Figure 2 . The MADs obtained via rp-ccCA are well within these experimental uncertainties (3.22 and 3.04 kcal/mol) and are near transition metal chemical accuracy. A similar accuracy level is observed for diatomic molecules, where the average experimental uncertainty is 5.24 kcal/mol and rp-ccCA yields an MAD of 3.23 kcal/mol.
Outliers from the set are listed in Table 4 , and are not restricted to a certain metal type (six different 4d metal centers are represented); therefore, the deviations are not systematically due to the method. If the multireference criteria of T 1 > 0.05 and D 1 > 0.15 based on 3d systems 69 is considered for our 4d systems, diagnostics (T 1 = 0.053, D 1 = 0.156) for PdGe suggest that a multireference wave function treatment may be required and the deviation of the rp-ccCA value from the experimental value (−9.03 kcal/mol) is not unexpected. The multireference diagnostics of the remaining outliers indicate a single reference treatment should provide a reliable prediction.
The oxides (PdO, RhO, RuO), in addition to PdGe, have salient multireference character based on the diagnostic values. These oxides provide an example of where the diagnostic values are not a guarantee of multireference behavior, because the single reference wave function based approach of rp-ccCA determines the ΔH f 's within or near transition metal chemical accuracy and/or experimental uncertainty. The palladium diatomic, PdGe, and oxides (PdO, RhO, and RuO) all exhibit multireference character based on diagnostics (Supporting 
■ CONCLUSIONS
The relativistic-pseudopotential correlation consistent composite approach (rp-ccCA) was applied to 24 copper and zinc (3d) compounds (3dHf-24), as well as 210 4d transition metal compounds (4dHf-210), to obtain their enthalpies of formations. The rp-ccCA method achieves transition metal chemical accuracy (within 3 kcal/mol from experiment) for the 3d molecules and the rp-ccCA deviations from experimental enthalpies of formation are comparable to all-electron ccCA-TM. When applying rp-ccCA to a system with more than one metal center, ECPs are recommended for the metal and DK basis sets for the substituents. A significant average time savings (53.4%) was observed when pseudopotentials were utilized, in comparison to use of the all-electron basis sets in ccCA-TM. For transition metal systems, rp-ccCA has affirmed that the use of pseudopotentials in a composite approach leads to not only comparable accuracy but also a reduction in computational cost. A large set of 210 enthalpies of formation for 4d transition metal compounds was also generated to provide calibration data for the development of future computational methodologies and aid experimental work. Deviations of rp-ccCA for the 4dHf-210 set are within the 51 available experimental uncertainties, excluding outliers, (rp-ccCA MAD: 3.64 kcal/ mol, experimental uncertainty: 4.05 kcal/mol). A trend analysis between 3d and 4d metal compounds supports the reliability of the calculated enthalpies of formation.
Overall, rp-ccCA is a useful methodology for the prediction of the enthalpy of formation for systems including main group and transition metals. For the 4d metal systems where experimental data is limited, the enthalpies of formation determined via rp-ccCA are recommended as a reference. The generation of the large 4d molecule set is a useful gauge for computational applications, such as the development of density functionals for transition metals, and as a complement to experiment, in areas such as catalyst design. 
